Introduction
Global public real estate markets have expanded remarkably in the last two decades. For example, the market capitalization of all real estate investment trusts (REITs) in the United States (US) increased from USD 138 billion in 2000 to over USD 907 billion in 2014 1 . As of October 30, 2015, the market capitalization of all real estate securities globally is as high as USD 37 trillion 2 . Meanwhile, diversifying into international stock markets offers limited benefits, as global stock markets are increasingly becoming interdependent. For example, Koch and Koch (1991) find an increase in correlation among daily stock returns in eight countries. Longin and Solnik (1995) examine the correlation of stock returns between the US and six other countries. They find a significant increase in correlation for four out of six pairs, especially in periods of high volatility. Against this backdrop, securitized real estate has gained popularity among investors given their relatively low correlation with other asset classes. International real estate diversification is found to be more effective than international stock and bond portfolios (e.g., Eichholtz, 1996; Hartzell et al., 1986; Liow et al., 2009 ). This conclusion holds for both mixed-asset and realestate-only portfolios (see review in Worzala and Sirmans, 2003) 3 .
However, as world economies have become more integrated, the benefits of diversifying into international real estate markets have been diminishing as well. This trend seems to be more eminent during and after the Global Financial Crisis (e.g., Liow et al., 2015 , Zimmer, 2015 . Are international real estate markets still offering diversification benefits? If yes, where should investors put their money and how?
To answer these questions, it is essential to accurately measure the interdependence of return and volatility. The Pearson's linear correlation used to be the most popular measurement in this line of research. It also lies in the heart of the capital asset pricing model and the arbitrage pricing theory. However, this approach has received much criticism from both academic researchers and practitioners (e.g., Longin & Solnik, 2001; Rachev et al., 2005) because it assumes that the return series follows a multivariate normal distribution. On the contrary, financial data in the real world normally exhibit leptokurtic, skewness, and fat tails (Fama, 1965) . As a result, the correlation method usually underestimates the risk of a portfolio and misleads investors into making suboptimal portfolio management decisions. Therefore, this approach should not be used to capture the dependence among financial time series (see evidence in Dowd, 2005; Dulguerov, 2009; and Zhou and Gao, 2012) .
To address this issue, researchers have adopted a wide array of alternative methods to measure dependence, including Kendall's τ , Spearman's rank correlation, Blomqvist's β , the Gini coefficient, and copula-based methods (Cherubini et al., 2004) . Recently, a growing number of studies have highlighted the benefits of using copulas to model dependence structures between financial series. The copula approach, proposed by Sklar (1959) , was first introduced in the financial context by Embrechts et al. (2002) . It is a flexible function that links univariate marginal distributions to form a joint distribution of these variables (Dowd, 2005) without imposing a multinormal distribution assumption onto the underlying variables. Copula models have been widely used in financial studies, including valuating financial derivatives, pricing portfolios and market risk management, and calculating dependence and value-at-risk, because of their simplicity and flexibility (e.g., Chen and Glasserman, 2008; Liu, 2015; Wang and Dyer, 2012; Weiß and Supper, 2013) . The method has been found to be particularly beneficial in capturing tail dependence among time series (Aghakouchak et al., 2010 , Chen et al., 2013 and Siburg et al., 2015 .
Tail dependence is a measurement of the probability of the joint movement of two or more time series under extreme market conditions (e.g., boom or bust). It can describe the chances of observing the extreme value of an asset (market) given that another asset (market) shows an extreme value during market downturns and upturns. The analysis is more relevant and useful for understanding the co-movement between two or more real estate markets during stressful times (Muns and Bijlsma, 2015) . Considering that the focus of our study is to investigate whether and how the interdependence of international real estate markets has changed since the Global Financial Crisis, we adopt the copula method to model the underlying distribution of returns accurately.
The copula method has been used in the real estate literature with promising results. For example, significant tail dependence has been identified in regional and international securitized real estate markets (Knight et al., 2005; Zhou and Gao 2012; Hoesli and Reka, 2013) . Evidence shows that copula estimates are superior to estimates of the CCC-GARCH and DCC-GARCH models (Zhou and Gao, 2012) , and that the distribution of securitized real estate returns is neither normal nor symmetric (Hoesli and Reka, 2013) . Following this line of practice, we adopt the copula method in our investigation of tail dependence in international public real estate securities markets.
The closest existing studies to our work is Zhou and Gao (2012) and Hoesli and Reka (2013) , where tail dependence in real estate securitized markets is analyzed by using dynamic Copula estimator. However, Zhou and Gao (2012) use data from 2000 to 2009, and Hoesli and Reka (2013) Crisis. Yet, findings from this period (i.e., from 2010 onwards) are the most relevant for investors. To bridge this gap in the literature, we extend their work by including data from January 2000 to February 2018, which provide new evidence on tail dependence in the post-crisis period. We divide the whole sampling period into the pre-crisis, crisis, and post-crisis sub-periods, for which the coefficients of the upper and lower tail dependence are estimated to illustrate the effect of a financial crisis. The analysis is carried out by using data from seven cities/countries in the American, Asia-Pacific, and European regional markets. These countries/cities include the US, Hong Kong (HK), Japan, Australia, Singapore, the United Kingdom (UK), and France.
The main finding is that tail dependence in the international public real estate securities market has increased notably since the Global Financial Crisis. Almost all tail-independent city/country pairs have changed to tail-dependence. This pattern is consistent for the interdependence between stock market and both domestic and international real estate securities markets. Real-estate-only portfolios are more affected than mixed-asset portfolios. Although our analysis shows that diversifying into international real estate markets is still beneficial, the gains of such an approach have significantly reduced during the financial crisis, and the trend has not been reverted or even stopped during the post-crisis period. The findings from the post-crisis sub-sample provide new evidence on increased tail dependence in the global real estate market in recent years.
Methodologies
Our estimation strategy involves three stages. First, we use an AR(1)-GJR-GARCH(1,1) model (Glosten et al., 1993) to filter the returns to obtain their corresponding residual series. AR-GJR models can capture asymmetric effects on the volatility between two time series, i.e., negative innovations to the returns may generate higher volatility than positive innovations of the same magnitude (Gordon and Canter, 1999, Cotter and Stevenson, 2006; Michayluk et al., 2006) .
Second, we estimate the marginal distribution from the residuals obtained in the first step non-parametrically through their empirical cumulative distribution. This procedure is routine to prepare the estimated residual series for the copula estimation in the next step. Specifically, copula models require the inputs to be uniformly distributed within the [0,1] range. To meet this requirement, the marginal distribution of residuals is estimated by using the following formula: Finally, we use the copula method to link the univariate marginal distributions derived from the previous steps. A wide range of copula functions is available, as discussed by Joe (1997) and Nelsen (2007) . Among these candidates, Gaussian and t copula functions are the most commonly used, although they are not without shortcomings. The Gaussian copula does not enable tail dependence, while the t copula only considers symmetric tail dependence. Both models are not flexible enough for the purpose of our analysis. Therefore, we adopt the Symmetric Joe-Clayton (SJC) copula , which is a modification of the Joe-Clayton copula in Joe (1997) , as this model can provide both upper and lower tail dependence coefficients to quantify the degree of tail dependence.
For simplicity, we use a bivariate case to illustrate the method adopted in this study. For two uniformly distributed residual series X and Y with a marginal distribution function of ( ), ( )
. If both marginal distributions are continuous, then the copula is uniquely defined as follows 4 :
Tail dependence is measured by an upper tail dependence coefficient, , and a lower tail dependence coefficient, , as given in Equations (3) and (4).
The tail dependence coefficients in Equations (3) and (4) are constant over time. This could be problematic for studies with a long sampling period. To capture the evolution of the tail dependences, we adopt the time-varying SJC copula 4 The specific expression of
proposed by Patton (2006) , in which the tail parameters are defined in Equations (5) and (6). This approach is also used by Zhou and Gao (2012) and Hoesli and Reka (2013) .
is a logistic transformation that constrains the tail dependences to stay in (0,1).
Data
The securitized real estate markets under investigation are those in the American, Asia-Pacific, and European regional markets, including the US, HK, Japan, Australia, Singapore, the UK, and France. We collect the daily closing total real estate stock price indices of Standard & Poor (S&P) and stock market indices of these markets from Thomson Reuters DataStream for the period between January 2000 and February 2018. The S&P property database shows the components of the broad universe of investable international real estate stocks and reflect their risk and return characteristics. Our sample covers the most important securitized real estate markets in the world, as indicated by both the market capitalization and the history of the securitized real estate market in each country. As shown in Table 1 , all of the real estate markets except for the UK have their first REITs listed at least a decade ago. The total capitalization of the REIT markets exceeds USD 100 billion in all of the countries, thus signifying the importance of the real estate sector in the national economy. On the whole, the sample is a good representation of global securitized real estate markets 5 . The common stock market and public real estate market indices used in this study are also given in Table 1 .
Our sample consists of approximately 4660 daily observations of real estate and stock price indices from January 2, 2000 to February 6, 2014. We define the return of the price index in market i at time t as
Ln Ln
where , id P denotes the daily price of the price index. 5 The majority of the REITs in these markets primarily invest in domestic markets. For example, among the 24 REITs in the UK, only 9 are internationally focused (i.e., mainly invested in overseas real estate markets). Therefore, each REIT index is a good representation of the price movement of the underlying real estate assets in its corresponding country. The summary statistics of the returns for the whole sampling period is presented in Panel A of Table 2 . The mean daily returns vary across all seven cities/countries, which range from as low as 0.0001 in Australia to as high as 0.0306 in France. The returns show significant skewness and kurtosis, i.e., the tails are fat and asymmetric in all of the cities/countries. The Jarque-Bera normality test also rejects the null hypothesis that the returns follow a Gaussian distribution. These results lead to the adoption of non-Gaussian models to describe the marginal distributions of the returns and the dependence structures between these cities/countries. Table 2 . In general, the crisis period has the lowest returns, even negative returns for most cities/countries, compared with those in the other two periods. Conversely, during the crisis, the standard deviations of the daily returns of the real estate indices of all the cities/countries are the largest, i.e., they are most volatile in the crisis period. 
Empirical Findings
We first filter the return series of the real estate securities with the AR(1)-GJR-GARCH(1,1) model to obtain the independent and identically distributed (i.i.d.) residuals, which are used to construct the marginal distributions for returns in the next stage. The estimated results from the filter are shown in Table 3 . The parameter used to describe the asymmetry effect (i.e., γ) is significant at the 1% level for almost all of the cities/countries in all of the sub-periods, thus indicating that the securitized real estate indices are more sensitive to negative news than positive news. Moreover, the estimated γ in the crisis period (i.e., Panel B in Table 3 ) is much larger than that in the other sub-periods. All of the preliminary evidence suggests that the fatness and asymmetry of tails should be considered in the steps to follow.
Real-Estate-Only Analysis
In this section, we present the results that are relevant to real-estate-only portfolio management. Specifically, we estimate the tail dependence between the real estate securities market and city/country pairs. With residuals obtained from the previous step, we construct the marginal distributions of the returns by estimating the empirical cumulative distribution. The results are then linked by SJC copula functions to estimate the tail dependence coefficients as defined in Equations (3) and (4). With the seven cities/countries included in our sample, we obtain 21 city/country pairs. In order to verify that the SJC copula is a better estimator than the Gaussian copula, we compare the Akaike information criterion (AIC) statistics between these two models in the last two columns of Table 4 . Except for the two tail-independent city/country pairs (i.e., US-UK and HK-Australia), all other city/country pairs have smaller AIC values in their SJC copula models. We therefore use an SJC copula estimator in the rest of the analysis. Table 4 also gives the tail dependence coefficients estimated from a static SJC copula. These are tail dependence measurements over the entire sampling period. The results suggest that the US and Asia-Pacific real estate markets are tail independent, whilst most of other city/country pairs are both upper-and lower-tail dependent. There are a few exceptions, such as HK-France, JapanFrance, Japan-UK and Australia-France which are lower-tail dependent only. The results need to be interpreted with caution, as the static SJC copula does not take into account the dynamics of tail dependence over time. We further explore this issue by first analyzing the data by sub-period, and then estimating the dynamic tail dependence coefficients. • { <0} . We use the Ljung-Box test to check whether a time series is auto-correlated. If the null hypothesis of 'nonautocorrelation' is not rejected, the autocorrelation component will be dropped from the AR (1)-GARCH (1,1) model, and the value of s will be marked with '--' in the table.
a denotes significance at the 5% level, b denotes significance at the 1% level Table 5 reports the tail dependence coefficient estimates by sub-period. Several conclusions can be drawn from Table 5 . First, the number of city/country pairs that exhibit tail dependence increases significantly at the 5% level during the Global Financial Crisis (13 and 16 pairs show upper tail and lower tail dependence, respectively; see last row in Table 5 ) compared with the number of city/country pairs before 2007 (only two pairs with upper tail dependence and six pairs with lower tail dependence). This pattern remains largely unchanged during the post-crisis period. The number of city/country pairs with lower tail dependence even increases to 18. Therefore, we conclude that the financial turmoil exerts a significant and long-lasting effect on the dependence structures among cities/countries. The international real estate securities market used to be a good diversification vehicle, as suggested by the low tail dependence coefficients for the period of 2000 to 2006. However, these diversification benefits have decreased notably since 2007. Surprisingly, a significant increase in city/country pairs with lower tail dependence is observed. As diversification matters the most during market downturns, our findings suggest that most international securitized real estate markets cannot offer the same level of protection now as they did in the pre-crisis period. Note: a denotes significance at the 5% level, b denotes significance at the 1% level. Note: a denotes significance at the 5% level, b denotes significance at the 1% level However, the picture is not completely gloomy. Specifically, not all of the cities/countries are equally affected by the financial crisis. For example, tail dependences between the US and other cities/countries are insignificant even during the turmoil, consistent with the results in Zhou and Gao (2012) . In addition, the tail dependence among European countries (as high as 0.5218 and 0.6049 for the upper and lower tail dependence, respectively, during the crisis) is much stronger than that among the Asian cities/countries. We also observe a closer relationship among cities/countries in the same continent than the city/country pairs in different continents. For example, the coefficients of the UK-France pair in all three periods are much larger than the corresponding coefficients of the UK-HK pair. However, identifying the causes of these differences is beyond the scope of this study, as the focus of this study is to investigate whether and how tail dependence among cities/countries varies over time and across geographic regions. Our findings strongly support the notion that the interdependence among international securitized real estate markets is complex and dynamic. We conclude that the landscape of international securitized real estate markets in terms of tail dependence has changed fundamentally since the Global Financial Crisis. Markets are much more dependent on each other, especially during difficult times. Although the global economy has been gradually recovering from the crisis, strong tail dependence (lower tail dependence in particular) still persists. Investors and fund managers should take this into account when considering international securitized real estate products in their portfolios.
The findings in Table 5 are interesting and informative. However, the definition of the sub-periods is subjective, and might introduce errors in the analysis. For example, one may wonder if it is necessary to split the 2007 to 2018 period into crisis and post-crisis sub-periods. To answer this question, we use a timevarying copula estimator as defined in Equations (5) and (6) to re-estimate the tail dependence coefficients for all city/country pairs with at least one significant tail.
As the data are daily series, the original coefficient estimate series are quite noisy. In order to show the trend more clearly, we smooth the estimates by using a 250-day rolling window 6 . The time-varying lower and upper tail dependence for each country-pair are presented in Figure 2 . The patterns identified in this figure are very similar to those in Table 5 . For example, tail dependence has increased on the whole; within-region tail dependence is stronger than crossregion dependence; and HK-Singapore and UK-France have the strongest tail dependence throughout the whole sampling period.
More importantly, Figure 2 shows two peaks in the lower-tail dependence between 2008-2009 and 2011-2013 for most city/country pairs. These could be attributed to the Global Financial Crisis and the European Debt Crisis, with an approximately one-year lag time. In addition, we can also find a third peak around 2016 and 2017, which coincides with Brexit. This is consistent with existing findings that negative shocks have significant impacts on the linkages between different real estate markets. It is worth noting that the pattern is not restricted to EU countries. For example, the Australian-Singapore and HKJapan pairs also demonstrated this bi-modal pattern: the level of lower-tail dependence increased at almost the same magnitude between these two pairs in 2012. Although there are no global events that are equivalent to the Global Financial Crisis around 2012 to explain for the peak, this pattern does indicate that global real estate markets have become more interdependent since the Global Financial Crisis. The findings justify our strategy to analyze tail dependence by using sub-periods. We continue to use this approach in the rest of the analysis because it provides similar results as the dynamic Copula approach, but with more intuitive and economically meaningful interpretations. 
Mixed Assets Analysis 7
Our findings in Table 5 shed some light on the investment strategies for realestate-only portfolios. The benefits of diversifying into the international real estate securities markets have diminished significantly since 2007. Is the same conclusion also true for mixed-asset portfolios? To answer this question, we analyze the tail dependence between stock markets and securitized real estate markets both at the domestic and international levels.
For each of the seven cities/countries, we first estimate the tail dependence coefficients between its own stock market and the real estate securities market. The results are given in Table 6 . Unsurprisingly, stocks and publicly traded real estate securities are significantly related throughout the period for all cities/countries. Both upper tail and lower tail coefficients have increased since the financial crisis in all of these cities/countries except for the upper tail dependence of HK. The conclusion is that the returns of the two asset classes are highly correlated within a country, especially during and after the financial crisis. Note: b denotes significance at the 5% level.
This picture changes when we investigate the tail dependence between the returns of stocks in each city/country and the returns of real estate securities in other cities/countries. We estimate the upper and lower tail dependence coefficients for 42 city/country pairs formed among the seven cities/countries under investigation. The results are presented in Table 7 . Tables 5 and 6 , the linkage between domestic stock market and international real estate also increased after the start of the financial crisis. This result can be justified by the increase in the number of city/country pairs that exhibit tail dependence. However, two aspects deserve further discussion. First, the level of tail dependence in Table 7 , as measured by the absolute values of the tail dependence coefficients, is much smaller than that in Table 6 . This finding indicates that investing in the international real estate securities markets still offers significant diversification benefits compared to investing in the domestic real estate securities market. Second, although the interdependence between domestic stock market and international real estate securities markets increased during the financial crisis, the magnitude of the changes is less than that reported in Table 5 . For example, the number of city/country pairs with significant upper tail dependence actually drops from 29 in the crisis period to 24 in the post-crisis period (see Table 6 ), while the same statistics are maintained in Table 5 . The increase in city/country pairs with lower tail dependence is also much lower after 2007 in Table 6 as opposed to Table 5 .
In conclusion, diversification benefits can still be gained by investing across asset classes and geographic regions, although the advantages have significantly reduced during and after the financial crisis. Generally, investors are recommended to form mixed-asset portfolios that consist of both stocks and real estate securities from different geographic regions. Real-estate-only portfolios, regardless of their level of geographic distribution, cannot offer enough diversification benefits as they did before the Global Financial Crisis. This finding is particularly true when markets are under the influence of negative shocks.
Conclusion
We study the dependence structures in seven major public real estate markets (i.e., the US, HK, Japan, Australia, Singapore, the UK, and France). A flexible form of the copula model, i.e., the SJC copula, is adopted to quantify the tail dependence in the return series. In contrast to previous studies that have evaluated only long-run correlation or the dependence of real estate markets, we model the changes of the dependence between city/country pairs by using three subsamples that cover the pre-crisis, crisis, and post-crisis periods. The empirical results confirm that a large number of city/country pairs have changed from tail independence to tail dependence since the crisis. The benefits of diversifying into international real estate securities markets have significantly decreased, especially for real-estate-only portfolios. Our empirical investigation is an extension of Zhou and Gao (2012) and Hoesli and Reka (2013) by emphasizing international linkages and using sub-periods to investigate whether dependence changes over time. The findings from the post-crisis sub-sample provide new evidence on increased tail dependence in the global real estate market in recent years.
